ABSTRACT: The impact of climate change on the bird communities of Asia is poorly understood. Since the 1950s, the Japanese Meteorology Agency has recorded first arrival (i.e. first sighting) and first singing for a selection of resident (Alauda arvensis, Cettia diphone, and Lanius bucephalus) and migratory species (Hirundo rustica and Cuculus canorus) in more than 300 bird populations. First records (i.e. first sighting or singing) show a delay of 5.4 d since the end of the 1970s. Nevertheless, there is a marked heterogeneity in the temporal trends among populations in each species. Most populations of A. arvensis, C. diphone and H. rustica show a negative relationship with local temperature (i.e. first records were earlier in warmer years) and this sensitivity to temperatures has increased in recent decades. Exploration of the possible causes of variability in phenological trends among populations demonstrated that greater delays were observed in those populations subjected to smaller increases in local temperature and a greater increase in human population (a surrogate for the conservation status of bird populations). Therefore, declining bird populations are the most probable cause of the observed delay in the phenology of first individuals. Migratory species were affected by climate in their wintering and passage areas. Overall, first sightings of H. rustica were earlier, while the onset of singing by C. canorus was delayed in response to warmer temperatures in southeastern Asia. However, there was a noteworthy variability among populations, with no discernable regionalization or spatial organization. This suggests that there is no clear connectivity between breeding and wintering populations. 
INTRODUCTION
It is widely accepted that global climate is changing, and organisms are responding to this change in a variety of ways (Parmesan 2006) . Most of the evidence has been provided by long-term studies, which usually focus on single or a few populations of one or a few species. Consequently, there are just one or a few replicates for many studies addressing the potential effect of climate change on organisms. Phenological studies are an exception. Phenological data are plentiful, and thousands of time series have been studied to date (Lehikoinen et al. 2004 , Menzel et al. 2006 ). These studies demonstrate a common signal in the life cycles of many organisms in response to recent changes in climate, especially temperature increase (Root et al. 2005 , Menzel et al. 2006 . Nevertheless, re sponses to climate change have an important species-specific component, and physiology, eco logy, or phylogeny may constrain the observed responses. For instance, Willis et al. (2008) demonstrated that evolutionary history is essential for an understanding of flowering time responses of species in plant communities. Similarly, Gordo & Sanz (2009 found that pollination system is an important characteristic that in fluences phenological trends of flowering dates in Mediterranean ecosystems. Among migratory birds, migratory distance affects phenolo gical response both in arrival (Tryjanowski et al. 2005 , Lehikoinen et al. 2004 , Tøttrup et al. 2006a , Hubálek & Č apek 2008 , but see Hüppop & Hüppop 2003) and departure dates (Jenni & Kéry 2003 , Tøttrup et al. 2006b , Van Buskirk et al. 2009 ).
Other traits, such as size, diet, moult or the number of broods per season, have also been linked to the extent of bird responses to climate change (Jenni & Kéry 2003 , Végvári et al. 2010 . Butler (2003) also found that the advance in arrival dates over the last 100 yr was related to the habitat used by each species. For instance, the arrivals of grassland birds were more advanced than those of forest birds, probably because of the uneven effects of climate change on the trophic level on which birds of each habitat depend (plants and insects, respectively). Such species-specific phenological responses are more than a mere difference in the number of days that each species shifts its phenology. Different rates of advance are the most plausible underlying cause for the uneven trends in population numbers observed among migratory bird species during re cent decades (Møller et al. 2008) . Those species that are less responsive, such as long-distance migrants breeding in strongly seasonal habitats, suffer the greatest declines due to increased mismatch with their environment (Both et al. 2006a (Both et al. , 2010 .
While there is now some understanding of why species differ in their responses to climate change, and of the biological consequences of these differences, almost nothing is known at the population level (what are the reasons for different responses of populations belonging to the same species?) or at the individual level (why are some individuals able to adjust to the new conditions while others are not?). Studies at intra-specific levels are probably limited by the scarcity of long-term monitoring data that are compatible for different populations of the same species. The few that exist include some studies of laying dates of species such as tits Parus spp. (Visser et al. 2003) , pied flycatcher Ficedula hypoleuca (Both et al. 2004 , Both & te Marvelde 2007 , and tree swallow Tachycineta bicolor (Dunn & Winkler 1999) . These studies demonstrated that those populations subjected to larger increases in local temperatures show greater advances in their laying phenology.
In the case of migratory phenology, the differences in the passage periods and areas for each population have been suggested as the origin for the observed differences in the temporal trends of mean passage time of birds among ringing stations (Sparks et al. 2005a , Hüppop & Winkel 2006 , Jonzén et al. 2006 , Tøttrup et al. 2008 . While the number of sites with long-term ringing schemes is extremely reduced, other measures of migratory phenology, such as the first arrival date, are plentiful and would allow a more detailed exploration of variability patterns with a higher resolution and over larger areas. However, there are very few studies explaining how and why arrivals at the breeding grounds by populations of the same species are advancing at different rates (but see Forchhammer et al. 2002 , Ahas & Aasa 2006 . The heterogeneous nature of monitoring schemes from each region or country, as well as differences in the study periods, make comparisons difficult (Gordo 2007a , Miller-Rushing et al. 2008c , but see Rubolini et al. 2007) . Nonetheless, it is of paramount importance to disentangle the causes of the observed variability in phenological trends, to understand the extent to which it is due to spatial variability of changes in climate, to the dif ferent abilities of populations to respond to these changes, or to other factors also operating in the long-term at local scales and affecting the responses of each particular population.
We propose 3 possible explanations for differences in phenological trends among populations:
(1) Differences in the magnitude of climate change experienced. The larger the change in climate over time, the larger the phenological response expected (e.g. Both et al. 2004) .
(2) Differences in the sensitivity or responsiveness to climate. Populations more sensitive to climate show larger responses in their phenology (e.g. Gordo & Sanz 2010) .
(3) Differences in the population status. Changes in population abundance affect our ability to detect the earliest individuals, and consequently long-term changes in population size may confound trends in first annual records of any phenologcial event (Tryjanowski & Sparks 2001 , Tryjanowski et al. 2005 , Miller-Rushing et al. 2008a .
To examine these hypotheses, we studied an exceptional dataset with phenological information on more than 300 bird populations across Japan. Japan provides a broad latitudinal range. Bird populations of widely distributed species in Japan occur from subtropical climates in the south (25°N) to hemiboreal ones in the north (45°N). Thus, we can compare phenological responses to the same event of a certain species across a wide range of environmental conditions (Doi & Takahashi 2008) .
Our study also aimed to provide evidence about phenological responses of birds to climate change in the far eastern part of the Asian continent, an area in which this issue has been barely explored (Koike & Higuchi 2002 , Gordo 2007b , Watanuki 2011 , Kobori et al. 2012 . In a recent study of plant and animal phenology in Korea and Japan, Primack et al. (2009b) explored how phenological matching between trophic levels may be disrupted by geographical and species-specific variation of phenological responses to climate. However, the community-level approach carried out in that study does not allow a comprehensive scrutiny of the phenological responses of the 3 bird species studied. Moreover, as the authors recognized, the study period (November to March) was probably not the most suitable for testing the effect of temperatures on the phenology of animal species (Primack et al. 2009b ). Periods of climate sensitivity are species-specific ; consequently, Primack et al. (2009b) may have underestimated the actual effect of temperature on the phenology of birds from Japan and Korea.
Finally, long-distance bird migrants from Japan provide an opportunity to study the effects of climate change in a migratory system that has rarely been studied, the eastern Palearctic. Because western and eastern populations of Palearctic bird species do not share passage and wintering areas, they are subjected to different environmental pressures, and it is important to ascertain the extent to which these promote different phenological responses.
DATA AND METHODS

Phenological data
The Japanese Meteorological Agency (JMA) monitored the phenology of 5 common bird species between 1953 and 2005 at 102 sites spread throughout Japan (latitude: 24.33 to 45.41°N, longitude: 123.01 to 145.59°E, altitude: 0 to 610 m). Observations of plant and animal phenology were carried out daily by professional staff at each of the JMA meteorological stations according to standardized protocols (JMA 1985) , which assure high reliability and comparability of records among observers. Furthermore, any change in the monitoring effort, which may affect species detect ability, was improbable, because sampling protocols did not change during the study period.
The 'first singing day' for each species was defined as the first date of the year when the species was heard singing around the respective JMA station. (Brazil 1991, Fig. S1 in the supplement at www. int-res.com/ articles/suppl/ c054 p095. pdf). All species are common and familiar enough to avoid misidentification. Dates were transformed into a day of year (DOY) scale (1 = 1 January). In leap years, one day was added after February 28.
The validity of data on the phenology of first individuals has been strongly criticized due to a number of potential biases that may be present in these records , Tryjanowski & Sparks 2001 , Tryjanowski et al. 2005 , Miller-Rushing et al. 2008b . The main drawback of recording first individuals is that they may show migratory behaviour that is unrepresentative of the whole population. However, each species studied had records for many Japanese sites per year; thus errors or vagueness in some records (an unavoidable problem when working with large databases) are offset by the large number of samples covering an extensive geographical area (Gordo & Sanz 2006 , Barrett 2011 . Rather than a single arrival date per year, the data shows the distribution of first arrival dates for each species from southern to northern Japan each year.
Climate data
JMA provided monthly average temperatures for each study site for the period 1953 to 2005. We also gathered monthly temperatures for this period from the Global Historical Climatological Net-work (GHCN) database Version 2 (Peterson & Vose 1997 , Peterson et al. 1998 ) for 108 weather stations in south eastern Asia (latitude: 10 to 31°N, longitude: 92 to 125°E), the main wintering and passage area for the Japanese populations of migratory birds (see Fig. S1 ).
Temporal trends
We divided the study period into 2 sub-periods: 1953−1979 and 1979−2005 . We adopted this procedure because temperature did not change steadily throughout the entire period (Fig. 1) . Between 1953 and 1979, temperature did not show any significant trend, while during the period 1979 to 2005, temperature increased markedly, in accordance with global warming (IPCC 2007) . We established the break point for the phenological time series in 1979 to obtain 2 equal length sub-periods of 27 yr.
To study the temporal trends of bird phenology we carried out 10 multiple regression models (5 species × 2 periods). Each model included site as a categorical factor and year as a discrete explanatory variable. The model was:
where Y ij is the phenological date of a species recorded in Site i during Year j, α i is the intercept for Site i, β is the overall slope with Year, β i is the slope of the fitted line to each Site i, and ε ij is the error for each observed phenological date. Therefore, the β parameter determines whether phenological dates show a significant or non-significant temporal trend (i.e. slope) for each sub-period and species, while the interaction between Site and Year determines whether or not trends differ significantly among populations. We only analyzed time series with records for at least 20 years during each sub-period, to reduce potential biases caused by differences in the length of the time series. It is important to note that the average number of records per time series was 25.0 (± 2.0 SD) in both sub-periods, i.e. most of the time series are complete since 1953.
Effects of local temperatures
To determine the effect of temperature at the study sites on bird phenology, we built 10 new multiple regression models including local temperature as a continuous explanatory variable. Models were:
where the γ parameter estimates the overall effect of temperature in bird phenology, and the γ i parameters estimate the particular sensitivity of each population to temperature. Therefore, the interaction term between Site and Temperature tests for differences in sensitivity to local temperatures among populations (i.e. heterogeneity of the slopes γ i ). We included Year as a covariate in this model to account for its potential confounding effect on the true relationship between climate and phenology. Phenology of first individuals may show long-term shifts unrelated to climate, e.g. due to changes in population size , Tryjanowski & Sparks 2001 , Tryjanowski et al. 2005 , Miller-Rushing et al. 2008b ). Hence, this may give rise to spurious relationships with climate due to temporal collinearity. Temperature values were calculated as the average during the month when a phenological event occurred and the preceding month at the same JMA site. We used average temperature values calculated for a 2 mo period because the average standard deviation of phenological dates was 10.1 d, and consequently 95% of all phenological records of a certain time series were included in an average range of 40 d (i.e. ± 2 SD). Once again, only those time series with at least 20 records during each sub-period were used for these models. 
Variability among populations
Causes of variability in temporal trends among populations during 1979-2005 were studied according to the 3 hypotheses proposed in the Introduction. We focused on this period, as most of the climate warming recorded in Japan occurred during this time (see Fig. 1 ). Differences in the magnitude of climate change experienced at a local scale were quantified as the increase in temperatures (slope against year) from 1979-2005 during the 2 mo period adjusted to each population phenology. Differences in the sensitivity to climate were quantified by the parameter γ i (Eq. 2). To quantify the status of bird populations, we used the percentage increase in the number of inhabitants between the 1980 and 2005 censuses. Observed changes in the number of people in Japanese municipalities accurately mirror landscape transformations at a small scale of a few km 2 in urban centers and their peripheries. One may assume that the environment suffers the greatest impacts in those areas with the highest numbers of humans (McKinney 2002) . There fore, one expects scarcer availability and poorer quality of natural habitats at those more populated sites and consequently smaller populations of wild organisms, including birds (Beissinger & Osborne 1982 , Mason 2006 , Shaw et al. 2008 . The land areas of Japanese cities and towns showed extraordinary growth during the second half of the 20th century as urban populations increased (Harris 1982 , Yamada & Tukuoka 1996 . Urban sprawl has caused the deterioration and even disappearance of natural and traditional Japanese landscapes, dominated by agricultural land use, in the areas surrounding many cities and towns (Nakamura & Short 2001) . These areas are the main habitats for local populations of birds and where the JMA monitors bird phenology. In spite of the fact that some bird species tolerate human presence (e.g. Hirundo rustica). We expect those JMA sites with a greater increase in human population and urban sprawl since 1980 to have a more impacted environment. Therefore, human population in crease can be used as a proxy for environmental degradation and consequently for long-term declines in local bird populations.
We carried out a multiple regression model for each species with phenological trends (values of β i from Eq. 1) as a dependent variable and temporal trends of local temperatures from 1979 to 2005 (regression slopes of temperatures from each study site against year), sensitivity to temperature (values of γ i from Eq. 2), and human population change between 1980 and 2005 as explanatory variables. Residuals from these models were used as response variables in new multiple regression models, which included latitude, longitude, and altitude of the study sites as predictors. The aim of the latter models was to explore any remaining spatial structure in the residuals of the temporal trends observed in bird phenology ( Fig. S2 and Table S1 ). Quadratic terms of latitude, longitude, and altitude were also in cluded to account for potential nonlinear spatial gradients (Legendre & Legendre 1998) . We also in cluded the interaction between latitude and longitude. All spatial predictors were standardized (mean = 0, SD = 1) to avoid scale measurement effects on matrix calculations. The best model was selected according to Mallow's Cp. Similar to other information criteria, Mallow's Cp chooses the best subset of predictors that optimizes the balance between model fit and the number of variables.
Migratory species
In the case of Hirundo rustica and Cuculus canorus, we also assessed the potential effect of climate in wintering and passage areas, because the departure date from wintering grounds and progression rate through passage areas is affected by weather and ecological conditions there (Gordo 2007b , Gordo & Sanz 2008 .
All phenological time series with at least 20 records during 1953-2005 for Hirundo rustica and Cuculus canorus (86 and 25 JMA-sites, respectively) were regressed against the temperature time series of all the weather stations from southeastern Asia selected from the GHCN (108 sites). We used temperature records for February and March for H. rustica, and data for March and April for C. canorus. Time series of both bird phenology and temperatures were detrended prior to implementing the regressions. We removed temporal trends (i.e. year effect was set to 0) to avoid potential spurious relationships due to temporal collinearity between phenological and climatic time series. For this purpose, all the time series were regressed against the year and the resulting residuals from these regressions were used in the analyses.
Regression slopes between climate and phenology were organized in 2 matrices (one for each species), where columns were the Japanese populations of Hirundo rustica or Cuculus canorus and rows the 108 weather stations from southeastern Asia. Therefore, each column was the sensitivity pattern of one population to the spring temperatures in southeastern Asia. A Principal Component Analysis (PCA) was applied to each one of the matrices with the Japanese bird populations (i.e. columns) as dependent variables. The aim of these PCAs was to summarize all sensitivity patterns into a few principal components (PCs), which could help in identifying common patterns of sensitivity among the Japanese populations of H. rustica and C. canorus. We selected only those PCs with an eigenvalue higher than 5. PC scores were mapped and visually inspected to detect the most influential areas in southeastern Asia for bird phenology. PC loadings provided the relationship of each Japanese population to the patterns depicted by those PC scores. Therefore, loadings allowed us to define groups of populations with similar sensitivity patterns to temperatures in wintering and passage areas. We modelled the spatial structure of these PC loadings across Japan using multiple regression models with latitude, longitude, and altitude of phenological sites as predictors and following the same procedure as previously described. The best model was se lected using Mallow's Cp. The aim of these models was to determine more reliably whether Japanese populations with similar sensitivity to temperature in southeastern Asia have a regional distribution pattern in Japan or whether they are randomly distributed across the country.
All statistical analyses were carried out with STA-TISTICA software [StatSoft, Inc. (2004), version 7. (www.statsoft.com) ].
RESULTS
Temporal trends
All species showed different trends between periods (Fig. 2) . During the sub-period 1953-1979, first records of singing males of Alauda arvensis and Cettia diphone were markedly delayed, while first sightings of Hirundo rustica were advanced. The onset of singing by Cuculus canorus and Lanius bucephalus tended to advance, but not significantly. With the exception of C. canorus, all species showed significant differences in temporal trends among populations (Site × Year interaction: p < 0.00001 in all cases, Fig. 3) .
During the more recent sub-period 1979-2005, all species showed a positive relationship with Year, i.e.
there was an overall delay in the phenology of the first individuals (Fig. 2) . Nevertheless, this delay was only significant for Hirundo rustica, Cuculus canorus and Lanius bucephalus. We found strongly significant differences among populations in all species (Site × year interaction: p < 0.00001 in all cases, Fig. 3 ). In the case of Alauda arvensis and Cettia diphone, this heterogeneity among populations was especially marked, i.e. there were both significant delays and advances (Fig. 3) , which counterbalanced each other and precluded any statistically significant temporal trend for the whole set of populations (Fig. 2) . Fig. 4 ).
Effect of local temperatures
There were significant differences in the sensitivity to temperatures among populations in some species and sub-periods (Fig. 4) . Alauda arvensis, Cettia diphone and Hirundo rustica showed differences among populations (Site × Temperature interaction: p < 0.01 in all cases) during 1953-1979; whereas during 1979-2005 only C. diphone still showed such heterogeneity (Site × Temperature interaction: F 68,1548 = 1.523, p = 0.004). Differences among populations were due to differences in the steepness of slopes, i.e. the phenology of first individuals was more advanced in some populations than in others in response to a given temperature increase. Cuculus canorus and Lanius bucephalus did not show significant differences among populations (Site × Temperature interaction: p > 0.42 in all cases). Therefore, in these species, the absence of an overall temperature effect was real and not a result of countervailing patterns among populations.
Variability among populations
Overall, there were few statistically significant effects among the selected explanatory variables, and the explanatory capacity of models was low (Table 2) . Nevertheless, the results support our predictions. With the exception of Alauda arvensis, tem-poral trends in local temperature during 1979-2005 had a negative effect. This variable was non-significant in A. arvensis, while in the other species p-values were low (Table 2) . Therefore, the larger the recorded warming during 1979-2005, the larger the advance in population phenology. Sensitivity to temperature did not show any significant effect. This result is not surprising if one takes into account that there were no differences in γ i among populations except in the case of Cettia diphone. In agreement with our hypothesis, those bird populations from sites with the largest increases in human population showed the greatest delays in their first singing or arrival dates. Changes in human population numbers that oc curred since 1980 at the study sites had a significant positive effect on the phenology of A. arvensis and C. diphone (Table 2 ). This variable also had a marginal positive effect in Hirundo rustica.
The amount of variability in temporal trends accounted for in significant models ranged from 13 to 22% (Table 2 ). Those species with the weakest models (Hirundo rusticaa, Cuculus canorus and Lanius bucephalus) showed significant spatial gradients in their residuals (see Fig. S2 and Table S1 in the supplement). This suggests that part of the variability among populations is due to the location of the study site. For instance, delays in first arrival dates were especially marked in southern populations of H. rustica, while trends in singing onset dates of L. bucephalus were increasingly delayed along a southwestern to northeastern axis (see Fig. 3 ). In the case of C. canorus, a second order polynomial of longitude accounted for more than 60% of variability in the residuals of first singing dates. Populations located in the eastern and western extremes of the distribution in Japan showed the largest delays in the singing Table S1 ). In short, those species weakly affected by variables such as local changes in temperature, sensitivity to temperature, and human population change showed some geographical re gio nalization in the temporal trends in the phenology of their first individuals.
Migratory species
We found 5 PCs with an eigenvalue > 5 in the PCA for Hirundo rustica. The first 5 PCs accounted for almost 66% of variability in patterns of sensitivity to temperatures in southeastern Asia both in February and March (Table 3) . PC1 depicts 2 areas with opposite effects of temperature on H. rustica arrival dates. Temperatures on the coast of China had negative scores, while in the remaining areas from Thailand to Indonesia and the Philippines, temperatures had positive scores. This pattern was important for many populations, as the large magnitude of the loadings demonstrated (Fig. 5) . However, loadings for populations breeding in eastern prefectures of Honshu (Japan's largest island) were mainly negative, while in western prefectures loadings were positive. In eastern populations (negative loadings), H. rustica advanced its arrival in response to high temperatures in the area from Thailand to Indonesia and the Philippines, while warmer temperatures in China delayed arrivals. However, Japanese populations of H. rustica breeding in western regions of the country (positive loadings) had the opposite response to climatic conditions in southeastern Asia. Their arrival was advanced in response to high temperatures in China during February and March, but delayed in response to warm springs in the rest of southeastern Asia. This was confirmed by a spatial model (Table 4) . Its explanatory capacity was low, but it had a markedly significant negative gradient from the southwest to the northeast of Japan. Loadings were more negative in northeastern populations.
PC2 in Hirundo rustica showed a marked effect of climate in the Philippines, northern Borneo, eastern Java and Timor. Other regions of southeastern Asia also showed notable scores, but there were no obvious spatial patterns. The overwhelming majority of Japanese populations had negative loadings, although ) of migratory phenology to temperatures in southeastern Asia during February−March. PC scores for the 108 weather stations from the Global Historical Climatological Network (GHCN) used in the present study are represented by dots on the maps of southeastern Asia. PC loadings for the Japanese bird populations are shown by dots on the maps of Japan they were of great magnitude only in some populations from central regions of Honshu. This PC accounted for only 14% of variance. Therefore, this PC summarized correlation patterns for few Japanese populations. These populations were characterized by delayed arrivals under warmer temperatures in the Philippines, Java or Timor, and advanced arrivals under warmer temperatures in Borneo or northern China. Loadings for this PC showed several significant spatial gradients (Table 4 ). Significant quadratic latitudinal and longitudinal gradients suggested that largest loadings occur at mid-latitudes and mid-longitudes (i.e. in central Japan). Similar to PC1, there was also a marked negative gradient from southwest to northeast. Altitude was of minor importance. PCs 3, 4 and 5 together accounted for just 26% of variance (Table 3) . Each of these PCs summarized sensitivity patterns representative for a few populations (see small magnitude of loadings in Fig. 5) . In all cases, climate in China had very low importance (low scores), while climate in other areas in southeastern Asia was the most important factor. Nevertheless, the effect of climate in these areas was variable. In PC3, there were markedly negative scores in the Malay Peninsula. In PC4, the Philippines and northern stations in Myanmar had positive scores, while most of the other stations had negative values. Finally, in PC5, regions from the Malay Peninsula to northern Laos and Myanmar had again positive scores, while the Philippines showed negative score. Spatial models for PC loadings were weak or even nonexistent (Table 4) . This fact can be interpreted as further proof that the sensitivity patterns depicted by these PCs are only representative of a few Japanese populations.
PCA for Cuculus canorus provided only one PC with an eigenvalue > 5. However, this PC accounted for almost 33% of variance (Table 3) . Scores showed 2 regions in southeastern Asia with an opposite influence on the onset of singing dates of C. canorus (Fig. 6) . The northern coast of China (near Shanghai) and the Philippines had positive scores, while the region from the Malay Peninsula to Timor had negative scores. Loadings were negative and high in all populations. Thus, all populations had similar patterns of sensitivity to climate in southeastern Asia. Taking the negative sign of loadings into account, we found that warm springs in the Philippines and China are related to earlier singing onset of C. canorus in Japan, while warm springs in the Malay Peninsula and equatorial regions of Indonesia were related to a delay in the onset of singing. Loadings for the C. canorus did not show any statistically significant spatial structure (Table 4) .
In summary, temperature from southeastern Asia had effects on Hirundo rustica and Cuculus canorus phenology, but such effects varied regionally. Patterns of sensitivity were much more diverse in H. rustica than in C. canorus, as the larger number of relevant PCs and heterogeneity of loading signs among populations demonstrated.
DISCUSSION
Trends in bird phenology
Recorded dates of the first singing and arrival of migrant individuals during the spring in Japanese bird populations have not shown an advance in recent decades. This suggests that other factors operating on a long-term temporal scale are controlling phenological responses. For instance, Alauda arvensis, Cettia diphone and Hirundo rustica had earlier records in warm years, but none of these species showed a consistent tendency of advanced arrivals in recent decades, in spite of the notable increase in temperatures in Japan (see Fig. 1 ). This result is interesting, as the spring phenology of populations of A. arvensis and H. rustica from the western Palearctic is indeed advancing in response to similar increases in temperatures (Tryjanowski et al. 2002 , Butler 2003 , Cotton 2003 , Peintinger & Schuster 2005 , Ahas & Aasa 2006 , Croxton et al. 2006 , Gordo & Sanz 2006 , Zalakevicius et al. 2006 , Askeyev et al. 2009 , Barrett 2011 , Eddowes 2011 , Sepp et al. 2011 .
One may obtain evidence for a hidden driver of bird phenology by comparing the year effect (β) in models with (Eq. 2) and without (Eq. 1) temperature. All species showed marked and significant delays (see β in Table 1 ) when the effect of temperature was isolated. First records of Alauda arvensis, Cettia diphone and Hirundo rustica are actually advancing in response to warmer local temperatures: the difference between the observed (see Fig. 2 ) and the latent temporal trend (see Table 1 , respectively. However, such an advance promoted by warmer temperatures in Japan was not enough to fully counterbalance the latent delay and, as a result, A. arvensis and C. diphone did not show any temporal trend and first arrivals of H. rustica were even delayed. In the case of Cuculus canorus and Lanius bucephalus, observed and expected (i.e. latent) changes in phenology were the same. These species were not affected by local temperature and consequently, this did not counterbalance their latent delay. Nevertheless, L. bucephalus phenology was studied during autumn, and its singing activity during this season cannot be interpreted in the same way as the the onset of singing in spring. L. bucephalus phenology was positively (but non-significantly) related to temperatures during August and September; therefore a delay in the onset of its singing is expected as a response to warmer temperatures. Moreover, L. bucephalus is a double-brooded species (Lefranc & Worfolk 1997) and consequently its breeding season finishes at the end of the summer. The beginning of the defence of winter territories is probably driven by the end of the breeding season, which is in turn affected by weather conditions in late summer.
What is this hidden driver that is able to modify the expected advance of first singing and arrival dates in response to warmer temperatures in Japan? Ex treme dates of any phenological distribution are sensitive to changes in population size (Miller-Rushing et al. 2008) . For instance, earliest migrants arrive later in cases of bird population decline , Tryjanowski & Sparks 2001 , Miller-Rushing et al. 2008b , Eddowes 2011 ). We did not have sufficient information regarding population dynamics of the bird species at our study sites to determine how population changes have affected the detection of first individuals. However, we had indirect evidence that population declines were the most plausible origin for the latent delay of phenology. In the case of Alauda arvensis, Cettia diphone and Hirundo rustica, greater delays were detected in those bird populations from sites that have experienced a greater increase in the number of human inhabitants; A. arvensis and C. diphone, the species most affected by changes in human population, had the greatest delay between the observed and the latent phenology. Furthermore, both species are resident and as a consequence they must endure anthro pogenic habitat degradation resulting year round. Therefore, it is possible that those bird populations located at more heavily human-populated sites have also suffered the greatest declines in their numbers (Doi 2008) . Our hypothesis agrees with empirical evidence of declines in bird communities, especially in long-distance migrants, reported for some regions of Japan (Brazil 1991 , Hirano 1996 , Higuchi & Morishita 1999 , Ozaki et al. 2002 , Tamada 2006 . In Korea, H. rustica has also shown marked delays in the arrival of their first individuals and there is indirect evidence of a severe decline in their populations in recent decades (Lee et al. 2011 ).
Variability among population
Temporal trends differed markedly among populations during recent decades. Good examples of this are Alauda arvensis and Cettia diphone, which did not show any temporal trend in their phenology over the period since 1979 as a whole (see Fig. 2 ). However, many of their populations are indeed shifting their phenology, but in opposite directions (see Fig. 3 ). Spatial differences in the phenological responses of the Japanese populations of plants and animals have already been demonstrated (Matsumoto et al. 2003 , Doi 2008 , Doi & Takahashi 2008 , Primack et al. 2009b , Ibáñez et al. 2010 ), but the environmental/biological causes for such variability among sites remains poorly understood (but see Doi et al. 2010 ). We proposed 3 potential causes for the observed heterogeneity among populations: climate change at a local scale, sensitivity to climate, and population size trends (see Introduction). Sensitivity to climate was the only hypothesis with no empirical support. In fact, populations did not differ significantly in their sensitivity to local temperatures in most cases. Nevertheless, we detected an increase in sensitivity during recent decades in populations of A. arvensis, C. diphone and Hirundo rustica, i.e. the phenology of these species shows greater sensitivity in response to a given increase in temperature than it did several decades ago. This phenomenon has also been reported in a few other populations of birds (Sparks & Tryjanowski 2007 , Askeyev et al. 2009 ) and plants (Sparks et al. 2009 ) and may help species to deal with climate change challenges by reacting more strongly to increases in temperature.
In agreement with our prediction, those populations subjected to the greatest increase in local temperatures showed the greatest advance in phenology. Temperature increased faster at those sites with a greater human population (see Fig. S5 ) due to the urban heat island effect (Karl et al. 1988 , Hua et al. 2008 . Therefore, the temporal trends of temperatures in Japan shown in Fig. 1 are probably overestimated, as we used a sample of weather stations from the JMA that are located only in towns and cities, where the heat island effect is more pronounced (Primack et al. 2009a ). Nevertheless, temperature has markedly increased on a local scale at our study sites, whatever the cause, and the local scale is the most relevant one for bird biology. Therefore, bird populations may be doubly jeopardized by development of human society in Japan. On the one hand, human population growth and urban sprawl are reducing the quality and availability of natural habitats (Nakamura & Short 2001 , Noda & Yamaguchi 2008 , and as a consequence bird communities are declining (Sugimura et al. 2003 , Tamada 2006 ). As we showed, latent delays observed in all species are probably evidence of declining bird populations across the country (Doi 2008 , Lee et al. 2011 ). On the other hand, urban sprawl is enhancing temperature in creases at a local scale via the heat island effect, and birds are facing especially large increases in temperatures. These are causing steep advances in spring phenology at lower trophic levels, such as in plants or insects, at the same localities (Matsumoto et al. 2003 , Doi 2007 , Miller-Rushing et al. 2007 , Primack et al. 2009a . Therefore, if the observed shifts in first singing or arrival dates are representative of the entire population phenology, Japanese bird populations may be suffering from an increasing phenological mis match with their environment during the breeding period (Primack et al. 2009b ). In the par ticular case of Cuculus canorus, such phenological mismatching could be especially hazardous because it could affect interactions with host species.
The magnitude of temperature and population size effects was small and accounted for only a small part of the variability among populations. Japan provides an enormous geographical range from south to north, but it may still be insufficient to detect marked differences among populations. For instance, the warming rate detected in our study sites during the period 1979 to 2005 ranged from + 0.01 to + 0.07 °C yr −1 (Fig. S3 ), while in a study of laying phenology in European populations of the pied flycatcher during a similar period temperature shifts ranged between −0.11 and + 0.17 °C yr −1 (Both et al. 2004) . Similarly, changes in human population abundance and their expected consequences for bird populations may only have detectable effects beyond some threshold of severity (Lee et al. 2011) . Abundant and to some extent human-tolerant populations, such as the species studied here, may buffer small and moderate population declines without showing an appreciable effect on their phenology. Finally, one may argue that observable variability among sites is simply random noise as a result of the inaccurate nature of phenological measures, such as first arrivals or the onset of singing. However, the latter hypothesis is not supported by our results. Residuals showed notable spatial gradients, especially in those species without a significant model (i.e. Cuculus canorus and Lanius bucephalus, see Fig. S2 and Table S1 ). Therefore, in some regions of Japan, the phenology of populations advanced (or delayed) more than would be expected by chance.
Asian populations of migratory birds
Hirundo rustica and Cuculus canorus offered a unique opportunity to examine bird phenology responses to climate in wintering and passage areas in the Asian migratory system. In agreement with previous studies from the western Palearctic (Cotton 2003 , Rodríguez-Teijeiro et al. 2005 , Hüppop & Winkel 2006 , Jonzén et al. 2006 , Gordo & Sanz 2006 , Zalakevicius et al. 2006 , Saino et al. 2007 ), climate in wintering and passage areas affected arrival dates. Passage areas on the coast of China showed generally smaller effects than the rest of the regions in southeastern Asia (Figs. 5 & 6) . This suggests lesser sensitivity to climate en route than to climate from departure areas in Indonesia, Malaysia or the Philippines. An alternative hypo thesis is that Japanese populations make a direct flight from wintering areas to Japan over the sea, since recoveries on the Chinese coast are un common (see Fig. S1 ). Furthermore, the Pacific Ocean is covered by many islands and archipelagos from Australia to Japan and thus, migratory species have ample opportunity to land and stop-over.
Cuculus canorus showed a much more homogeneous response to climate in southeastern Asia among populations than Hirundo rusticaa. We suggest 2 hypotheses. (1) Differences could be just a matter of sample size. The number of populations for H. rustica was larger than for C. canorus (86 vs. 25 sites) and thus, there was more variability. (2) Differences between species indicate 2 different strategies during the winter. In the case of H. rustica, individuals would spread throughout all of southeastern Asia, while Japanese populations of C. canorus would concentrate on the Malay Peninsula. Our results do not unambiguously support one or the other.
Another important difference between the species was the effect of climate itself. While arrivals of many populations of Hirundo rustica were advanced in response to warmer temperatures in southeastern Asia, arrivals of Cuculus canorus tended to be delayed. The response of H. rustica concurs with the advancement of arrivals observed in Western Palearctic populations under warmer temperatures en route (Huin & Sparks 1998 , Zalakevicius et al. 2006 , Sparks & Tryjanowski 2007 , Gordo & Sanz 2008 and suggests that climate affects populations in both migratory systems of H. rustica in a similar way. H. rustica is an airborne feeder, and warm years are probably related to improved foraging conditions during migration. However, despite a temperature increase of about 0.5°C across southeastern Asia since the 1970s (IPCC 2007) , first individuals arrived later in Japan. Hence, the hypothesis of a decline in population size is also supported by these results. Such a decline has been reported for some longdistance migrants, probably also as a result of degradation of the wintering habitats (Higuchi & Morishita 1999 , Lee et al. 2011 ). For instance, C. canorus has recently disappeared in some areas of Japan (Tamada 2006) . In Britain, some populations of this species also show delayed phenology, and population de clines have been suggested as the most probable cause (Sparks et al. 2005b , Croxton et al. 2006 . However, the phenology of Japanese populations of C. canorus was positively related to temperatures in some areas of southeastern Asia; thus the arrival of this species could be delayed in re sponse to warmer temperatures in its wintering area. 
